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Abstract
Large-Eddy Simulation is applied to investigate the turbulent mixing produced by aeration system in
wastewater treatment. The solver uses an Eulerian-Lagrangian point-particle model to couple liquid and
gas phases. Transport of a passive tracer is simulated to visualize the homogeneity of mixing. The
accuracy of the solver predicting the mixing of the tracer time has been validated versus experimental
data in a bubble reactor with different diffuser configurations. The mixing induced by bubble screens is
simulated and compared - at different flow rates - with that produced by discrete plumes. The results
show significant differences in the mixing times and energetic efficiency for different aerator setups.
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1 Introduction
The largest operating expense in wastewater treatment occurs in secondary treatment, where
aeration accounts for 60% of total energy consumption in activated sludge systems. This process
consists on pumping air into a tank, promoting the mixing and redistribution of the dissolved
oxygen to facilitate the microbial growth. The microbial feeds on organic material, forming flocks
which can easily settle out in the wastewater. Good-quality mixing is necessary to guarantee
a good performance and quality of the wastewater treatment. Since real-scale experiments in
aeration basins are expensive and limited to a number of design alternatives, accurate numerical
modelling is needed to provide theoretical support to the design and optimization of aeration
system. Mixing driven by buoyant plumes involves complex multiphase flow containing a wide
range of turbulent scales, which produces a dispersion of gas bubbles that entrains continuous
liquid matrix, and requires accurate depictions of the carrier and dispersed phases as well as
the coupling and interaction between the two. In this work, an in-house Eulerian-Lagrangian
(EL) LES approach developed by [1] is used to gain insight on the mixing process, introducing
a scalar transport equation to simulate the fate of a passive tracer to visualize the mixing by
buoyant plumes. The solver’s accuracy has been validated in the past [1, 2], exhibiting a very
close prediction of the velocity field, entrainment and second-order statistics in the shear layer
between the plume and the outer liquid. This work will further validate the ability of the model
to accurately predict the mixing time of the passive tracer. Moreover, it investigates how different
setups of the air supply system (solitary diffusers with different spacings and bubble screens) and
different gas flow rates affect the mixing efficiency, both in terms of the quality of the final mixing
and the efficiency of the process.
2 Methodology
The fluid flow is simulated using the in-house algorithm BubLPT [1] based on the finite-difference
LES solver Hydro3D which has been validated in a number of complex flows studies [3, 1], in-
cluding bubble plumes. The continuous phase is solved by the spatially filtered incompressible
Navier-stokes equations. And the dispersed phase is simulated using Eulerian-Lagrangian model
in which the bubbles are represented by a Lagrangian point-particle model. A two-way coupling
approach is proposed in the code to quantify the contribution of the dispersed phase to the flow
based on calculating the interfacial forces acting between the Eulerian and Lagrangian frameworks
(buoyancy, fluid stress, added mass, drag and lift). Smoothed Delta-functions [1] are used to com-
municate the changes in the variables between both frameworks, ensuring high-order accuracy and
mesh-independence. On the assumption that the bubbles are rigid and spherical, the motion of
each bubble is computed by Newton’s second law, and the integral forces acting on each particle
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are approximated by semi-empirical formulae. The backwards coupling is ensured by a source
term in the continuous-phase momentum equations. In order to quantify the mixing by buoyant
plumes, the transport of passive scalar is simulated in an Eulerian framework by solving a filtered
advection-diffusion equation [4].
3 Results
Fig. 1 describes the experimental setup for the mixing validation built by [5]. In sub-figures (b)-
(d) the three different distributors considered in the experiment are depicted. They are built
on a plane plate of 25 cm diameter, drilled with 35 (b) 1 mm holes equally spaced following a
triangular pattern of 4 cm. Sub-figure (c) represents the second distributor on which 31 holes have
been clogged up using tape to allow air flow only through a central ring of 6 holes; (d) represents
the third distributor, which involves only 15 holes on one half of the plate. A dye tracer is injected
after flow stabilisation, at the centre of the column 9 cm above the perforated bottom plate. A
camera is used to record the dye injection and its mixing. The pictures are divided into 6 windows,
whose size is 1 cm2. The mean grey level inside each window is computed and normalised between
0 and 1. The variance method can be expressed mathematically,
logσ2RMS = −log{
1
np
np∑
i=1
(Ci − 1)2} (1)
Mixing was considered when logσ2RMS = −2.6, corresponding to an average standard deviation
of 5% from the final concentration [6]. Fig. 2 presents the comparison with experimental results,
where triangles represent the mixing time measured in the experiments, including a ±3s error
reported by the authors, and circles refer to the numerically predicted mixing time. The results
exhibit a very close agreement between the experimental measurements and BubLPT predictions
for the three types of distributor depicted in Fig. 1 and five different gas flow rates. The numerical
predictions always fall within the error range of the experiments, and are consistent across the
range of parameters considered.
Figure 1: Schematic of the experimental setup: (a) Experimental device[5] (b) 35-hole distributor
(b) 6-hole distributor (c) 15-hole distributor
(a) (b) (c)
Figure 2: Mixing time for numerical (circles) and experimental (triangles) data [5]: (a) 6-hole
distributor (b) 15-hole distributor (c) 35-hole distributor
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The mixing efficiency was tested in a 3 m deep tank with periodic side boundaries depicted in
Fig. 3. The top 25% of the tank has a concentration of 100% passive tracer, while this is absent
from the rest of the tank. With regards to air injection, four types of aeration system located
at the central y plane are modelled: single plume, two plumes separated 1 m, a bubble screen
consisting of 10 blowers and a bubble screen consisting of 30 diffussers equally spaced. These
configurations were tested at a total constant gas flow rate to prove their relative efficiency.
Figure 3: Numerical setup: (a) single plume (b) two plumes (c) bubble screen with 10 blowers (d)
bubble screen with 30 blowers.
Fig. 4 shows a matrix of results comparing instantaneous normalised tracer concentration contours
in the central plane of the tank depicted in Fig. 3 for a single plume and a bubble screen under
two different gas flow rates, 0.5 L/min and 1.0 L/min. There is a significant difference on tracer
dispersion between the single plume and the bubble screen aeration system under a constant gas
flow rate. The initial tracer is mixed simultaneously and moves towards to the bottom rapidly in
the bubble screen case while it accumulates on the sides as a product of the plume’s recirculation in
the single plume case. It is very noticeable that the bubble screen achieves a rather homogeneous
mixing faster than the single plume. As expected, a higher gas flow rate provides faster mixing,
but this effect is less critical than the spatial distribution of the blowers.
Figure 4: Instantaneous contours of normalised tracer concentration at three different times of
the simulations for two different total gas flow rates. Columns on the left: single bubble plume
results; columns on the right: bubble screen results.
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Input Power Energy Consumption until mixing time (J)
Q(L/min) converted power(w) single plume two plumes bubble screen 10 bubble screen 30
0.125 0.0613 62.2 65.1 65.7 40.5
0.25 0.1226 103 84.8 81.2 73.6
0.5 0.2453 170 166.6 154.3 137
1.0 0.4905 320 308.4 271.5 207
Table 1: Energy consumption required to achieve full mixing for four different aeration setups at
four different gas flow rates.
Table. 1 reveals that bubble screens are more energetically efficient for a given flow rate, since
they release a significant lesser amount of gas to produce the desired mixing. The bubble screen
consisting of 30 blowers is capable of saving between a 19.4-37.7% of the energy required by a single
plume. The energy consumed by bubble screen 10 and the two-plumes system shows a similar
amount for four input powers, exhibiting less than a 12% difference. The results also suggest that
increasing the gas flow rate is less effective than optimising the blower distribution in terms of
cost-effectiveness.
4 Conclusions
An EL-LES model incorporating scalar transport is applied to predict the mixing time driven by
bubble plumes and screens. Three types of gas distributor are modelled to validate mixing time
with experimental data, exhibiting a remarkable agreement at four different gas flow rates. To the
authors’ knowledge, this work presents the first comparison on mixing efficiency between bubble
screens and plumes in the turbulence-solving simulation. The results show a significant different
mixing time between plumes and bubble screens. Bubble screens provide superior mixing efficiency
for a given gas flow rate. By considering the energy expenditure, the results are suggested that the
bubble screen with 30 blowers can save at least a 20% of the energy required by the other setups.
Quantitative results also show that implementing a bubble screen-based layout is more effective
in terms of energy consumption than increasing the gas flow rate. The sensitivity analysis on the
gas flow rate reveals that a higher injection velocity improves the mixing efficiency but does not
have a remarkable influence on the final mixing quality.
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